ABSTRACT. The tree peony leaf is an important vegetative organ that is sensitive to abiotic stress and particularly to high temperature. This sensitivity affects plant growth and restricts tree peony distribution. However, the transcriptomic information currently available on the peony leaf in public databases is limited. In this study, we sequenced the transcriptomes of peony leaves subjected to high temperature using the Illumina HiSeq TM 2000 platform. We performed de novo assembly of 93,714 unigenes (average length of 639.7 bp). By searching the public databases, 22,323 unigenes and 13,107 unigenes showed significant similarities with proteins in the NCBI non-redundant protein database and SWISS-PROT database (E-value < 1e-5), respectively. We assigned 17,340 unigenes to Gene Ontology categories, and we assigned 7618 unigenes to clusters of orthologous groups for eukaryotic complete genomes. By searching the Kyoto Encyclopedia of Genes and Genomes Pathway database, 8014 unigenes were assigned to 6 main categories, including 290 KEGG pathways. To advance research on improving thermotolerance, we identified 24 potential heat shock protein genes with complete open reading frames from the transcriptomic sequences. 8431-8442 (2015) This is the first study to characterize the leaf transcriptome of tree peony leaf using high-throughput sequencing. The information obtained from the tree peony leaf is valuable for gene discovery, and the identified heat shock protein genes can be used to improve plant stress-tolerance.
INTRODUCTION
A tree peony (Paeonia suffruticosa) is a type of woody shrub that belongs to the Paeoniaceae family and produces extremely popular ornamental flowers. In China, the tree peony is known as "kings of flowers", and large-scale planting of tree peonies in cities including Luoyang (Henan Province) and Heze (Shandong Province) formed famous landscapes that bring many tourism benefits. Moreover, the peony root bark, also referred to as "Danpi" in Chinese, is an important Chinese medicine. The seed oil is a popular product for cooking because it is considered to be healthy. Tree peony thrives in warm and cold climates, with an optimum growth temperature of 16° to 20°C. In summer, high temperatures prevent plant growth and typically damage the leaves, which is a limiting factor for the growth distribution and plant production. However, transcriptome profiling of leaves under heat shock stress has not been thoroughly conducted, and the understanding of the thermotolerance mechanism is limited.
One of the most important thermotolerance mechanisms in plants is the induction of heat shock proteins (Hsps), which typically act as molecular chaperones to reduce damage to cells (Wang et al., 2004; Xue et al., 2014) . Based on their molecular weights, plant Hsps are divided into 5 groups, including Hsp100, Hsp90, Hsp70, Hsp60, and the small Hsp (sHsp) family (Wang et al., 2004) . In Arabidopsis, 8 Hsp100 members (Agarwal et al., 2001) , 7 Hsp90 members (Krishna and Gloor, 2001) , 18 Hsp70 members (Lin et al., 2001) , 11 Hsp60 members (Hill and Hemmingsen, 2001) , and 13 sHsps members (Scharf et al., 2001 ) have been identified in the genome and analyzed. Hsps from different families have been also reported in other plant species, such as cereals (Maestri et al., 2002) , maize (Sun et al., 2012) , and wheat (Kumar et al., 2012) . Modifying the expression of Hsp via genetic engineering has been shown to be useful for enhancing temperature stress tolerance in plants. For example, Arabidopsis and rice that overexpressed Hsp101 showed superior tolerance to extreme temperatures (Queitsch et al., 2000; Katiyar-Agarwal et al., 2003) . In tree peony, an Hsp70 gene was identified by Li et al. (2011) , but most Hsps remain unknown. Therefore, it is essential to identify additional Hsps for improving the stress tolerance of the tree peony.
Because of the lack of a reference genome, transcriptome sequencing is an optimal method for large-scale screening of Hsps in tree peony. Sequencing of plant transcriptomes has become feasible with the recent development of next-generation sequencing technology. For transcriptome sequencing in non-model plants, the Roche 454 platform was initially preferred because it generates long reads (Vera et al., 2008; Meyer et al., 2009 ). However, the short reads generated by the Illumina platform can currently be assembled for a lower price, and a series of transcriptomes from non-model organisms have been successfully sequenced and assembled de novo (Li et al., 2012; Toledo-Silva et al., 2013) . For tree peony, transcriptomes of petals and flower buds have been sequenced and millions of transcripts were obtained (Zhang et al., 2013; Zhou et al., 2013) . Therefore, the Illumina platform is a preferable method for the transcriptome sequencing of peony leaves. In the present study, we performed the de novo transcriptome sequencing of peony leaf using the Illumina HiSeq TM 2000 platform, and the unigenes were assembled and annotated. Furthermore, a series of abiotic stress-tolerant genes were identified. This study is the first attempt to characterize the leaf transcriptome in tree peony using high throughput sequencing. Our database of sequences will serve as an invaluable resource for novel gene discovery and molecular marker development for selective breeding.
MATERIAL AND METHODS
Plant material and RNA extraction P. suffruticosa 'juanyehong' were planted at the Peony Institute of Luoyang (Luoyang, China). Leaves were collected from healthy plants at approximately 1300 h in July when the plants were experiencing temperatures of approximately 35° to 37°C. Two replicated samples were frozen immediately in liquid nitrogen and stored at -80°C. Total RNA was extracted using a cetyltrimethylammonium bromide-based protocol and further purified with the RNeasy Plant Mini Kit (Qiagen, Hilden, Germany). RNA quality was verified on a Bioanalyzer 2100 (Aligent, Santa Clara, CA, USA). RNA integrity number values were >8.5 for all samples.
cDNA library construction and sequencing
Poly (A)-containing RNA was collected from total RNA using magnetic oligo (dT) beads and was fragmented into small pieces using fragmentation buffer. Next, the short mRNA fragments were reverse-transcribed into first-strand cDNA using random hexamer primers, which was followed by second-strand cDNA synthesis. The double-stranded cDNA fragments were subjected to end repair, and a single nucleotide A (adenine) was added to the 3' ends. Sequencing adaptors were ligated to the 3' ends and the suitable fragments were enriched by polymerase chain reaction amplification. After validation with an Agilent 2100 Bioanalyzer, the cDNA library was sequenced using an Illumina HiSeq 2000 sequencing platform. The sequencing and preparation of libraries were performed by Encode Genomics Bio-Technology Co., Ltd. (Suzhou, China). Sequence data were deposited in the NCBI database under accession No. SRR1572176 and SRR1572177.
De novo assembly and gene annotation
The raw reads were cleaned by removing low-quality reads and ambiguous bases (N) using a Perl script. De novo transcriptome assembly was performed using a paired-end method with the Trinity software (Grabherr et al., 2011) . To remove redundancy among Trinity-generated transcripts, sequences were clustered using CD-HIT with thresholds of 0.95 (Fu et al., 2012) . Based on annotation with the NR database, transcripts were further clustered by removing sequences of bacteria, viruses, and fungi. The remaining transcripts were designated as unigenes. For annotation, all assembled unigenes were searched against public databases, including NCBI non-redundant protein, SWISS-PROT, TrEMBL, and KOG databases using the BLAST program (E-value < 1e-5). Unigenes annotated in the TrEMBL and SWISS-PROT databases were listed and filtered to remove duplications. GO annotation of unigenes was performed using the Blast2GO software. Unigene sequences were also aligned to the Clusters of Ortholo-gous Group database to predict and classify functions. Pathway assignments were also carried out based on the KEGG database. Candidate Hsps were obtained by filtering out the result of Nr annotation, and open reading frames were identified using the ORF finder (http://www.ncbi. nlm.nih.gov/gorf/gorf.html). Subcellular localization of proteins was predicted using the online software Cell-PLoc 2.0 (http://www.csbio.sjtu.edu.cn/bioinf/Cell-PLoc-2/). Sequence alignment was performed using ClustalW and phylogenetic analysis was performed using MEGA 5 (Tamura et al., 2011) with the neighbor-joining method with 1000 bootstrap replicates.
RESULTS

Illumina paired-end sequencing and de novo assembly
Tree peony is typically subjected to extremely high temperature stress in summer. Two groups of leaves that were subjected to high temperatures were sampled in July. The cDNA libraries from the 2 RNA samples were constructed and sequenced separately using an Illumina HiSeq 2000 genome analyzer. Each sequenced sample can yield 2 x 100 bp of independent reads from either end of a DNA fragment. In this study, a total of 134,151 transcripts were assembled with an average length of 692.52 nucleotides and an N50 of 1217 nucleotides. After clustering of redundant transcripts, removing bacteria, viruses, and fungi sequences, the remaining 93,714 transcripts had an average length of 639.7 bp and were designed as unigenes. The length distribution of unigenes is shown in Figure 1 . Unigenes in the range of 200 to 500 bp accounted for 63.4% of total unigenes. There were 14,836 unigenes ranging from 500 to 1000 bp (15.8%), 10,194 unigenes ranging from 1000 to 2000 bp (10.9%), and 5542 unigenes with lengths of more than 2000 bp (5.9%). 
Functional annotation via public database search
For validation and annotation of assembled unigenes, sequence-similarity searches were conducted by querying against the NCBI non-redundant protein (Nr) database, SWISS-PROT protein database, and TrEMBL database. The results showed that of 93,714 unigenes, 22,323 unigenes showed significant similarity to known proteins in the Nr database, 13,107 unigenes showed significant similarity in the SWISS-PROT database, and 22,680 unigenes showed significant similarity to known proteins in the TrEMBL database. Among the Nr hits, 12,696 unigenes (56.9%) had significant matches with proteins from Vitis vinifera, which represented the largest group. We also analyzed the E-value and similarity distributions of unigenes matched in the Nr database. The results showed that 63.4% of the unigenes showed significant homology with E-values less than 1.0e-50 and that 32.4% of the unigenes showed a high similarity with a value more than 80% (Figure 2A and C). For the BLAST results against the SWISS-PROT database, the corresponding proportions for E-value (<1e-50) and similarity (>80%) were 61.1 and 19.7%, respectively ( Figure 2B and D) . 
Functional classification by GO and KOG
Based on the unigenes annotated in the SWISS-PROT and TrEMBL databases, 17,340 unigenes were assigned to 3 main GO categories, including molecular functions, biological processes, and cellular components (Figure 3 ). Among these, 14,292 unigenes were grouped in the category of biological processes, 8524 unigenes in cellular components, and 15,810 unigenes in molecular function. In the biological processes category, the items "metabolic process" (12,471 unigenes; 87.2%) and "cellular process" (10,577 unigenes; 74%) were prominently presented, indicating that important metabolic activities occur in the leaves of the peony tree. For the category of cellular components, "cell" (6545 unigenes; 76.8%) and "cell part" (6544 unigenes; 76.8%) were the most highly representative groups, followed by groups of "organelle" (4341 unigenes; 51%) and "membrane" (3248 unigenes; 38.1%). "Binding" (11,782 unigenes; 74.5%) and "catalytic activity" (9785 unigenes; 61.9%) represented the largest number of groups in the molecular function category. Unigenes annotated in the KOG databases were further classified, and 7618 unigenes were assigned to 25 KOG categories (Figure 4 ). "Signal transduction mechanisms" and "general function prediction only" were the largest groups, accounting for 14.8 and 14.1% of unigenes annotated with KOG, respectively. The 3rd largest group was "posttranslational modification, protein turnover, chaperones" (12.8%), whereas only a few unigenes were assigned to clusters of "extracellular structures" (16 unigenes) and "cell motility" (4 unigenes).
Metabolic pathways
Unigenes were used to search the KEGG database to further understand the biological functions and genes interactions. A total of 8014 unigenes were assigned to 6 main categories, including 290 KEGG pathways. Among the 6 main categories, "metabolism" contained the largest number of unigenes (3276) and accounted for 47.2% of the total ( Figure 5A ). The other 5 main categories were "genetic information processing" (2462 unigenes; 35.5%), "human diseases" (1353 unigenes; 19.5%), "organismal systems" (1019 unigenes; 14.7%), "cel-lular processes" (975 unigenes; 14.1%), and "environmental information processing" (640 unigenes; 9.2%). In the metabolic pathway, unigenes were classified into 11 subcategories ( Figure 5B ), mainly including "amino acid metabolism", "biosynthesis of other secondary metabolites", "carbohydrate metabolism", "energy metabolism", "glycan biosynthesis and metabolism", "lipid metabolism", and "metabolism of cofactors and vitamins". All KEGG annotations provided a valuable resource for investigating specific processes, functions, and pathways in the peony leaf. 
Identification of Hsps
To enhance the thermal tolerance of tree peony, we sought to identify Hsps in the transcriptomes of peony leaf. Through BLAST searching the Nr protein database with an E-value of 1e-5, a total of 64 Hsps were identified (Table S1) . Of these Hsps, 24 members contained a complete open reading frame with start and stop codons and 40 members corresponding to partial sequences. The complete Hsp candidates were renamed as shown in Table 1 , and the complete Hsp sequences are shown in Table S2 . Phylogenetic analysis of the complete Hsps combined with gene annotation resulted in 5 members segregated into the Hsp90 family, 5 members into the Hsp70s family, and 14 members in the sHsp family ( Figure  6 ). For sHsp groups, the PsHsp10.5-1, PsHsp10.5-2, PsHsp13.6, and PsHsp20.6 could not be closely grouped with other sHsp members. This is consistent with previous studies that sHsps originated from multiple genes families with much lower sequence similarity (Vierling, 1991; Waters et al., 1996; Wang et al., 2004) . Hsp90 proteins are essential and highly conserved molecular chaperones in plants. They have multiple functions and play a major role in managing proteins folding (Buchner, 1999; Richter and Buchner, 2001 ). The expression of Hsp90 is elevated in response to environmental stressors such as heat, cold, salt, and heavy metal exposure (Milioni and Hatzopoulos, 1997; Krishna and Gloor, 2001 ). In Arabidopsis, 7 Hsp90 members have been identified and analyzed. The members from AtHsp90-1 through AtHsp90-4 were predicted to be located in cytoplasmic areas, while the other 3 members (AtHsp90-5, AtHsp90-6, and AtHsp90-7) were predicted to be localized in plastids, mitochondria, and the endoplasmic reticulum, respectively (Krishna and Gloor, 2001) . In this study, sequence identity ranged from 43 to 92% among PsHsp70 members and from 42 to 93% with orthologous Hsp90 from Arabidopsis. Intracellular localization prediction revealed that PsHsp90-1 was located in the endoplasmic reticula and mitochondria; PsHsp90-2 was located in the endoplasmic reticula; and PsHsp90-3, PsHsp90-4, and PsHsp90-5 were located in the cytoplasm (Table 1) .
Hsp70 members are also conserved and represent stress-tolerance proteins. In Arabidopsis, the Hsp70 family contains 18 members divided into the DnaK subfamily (14 members) Figure 6 . Phylogenetic analysis of the Hsps from tree peony and Arabidopsis. Complete sequences were aligned using ClustalW with default settings. The phylogenetic tree was constructed using MEGA5 with the neighborjoining method. Percentage bootstrap support values above 50% based on 1000 replicates are shown.
and Hsp110/SSE subfamily (4 members). Members of the DnaK subfamily were assigned to distinct subcellular locations, including the plastid, cytoplasm, endoplasmic reticulum, and mitochondrion (Lin et al., 2001) . Sequence identities ranged from 18 to 54% among PsHsp70 members and from 20 to 93% with orthologous Hsp70 from Arabidopsis. Location prediction revealed that PsHsp70-1 was located in the endoplasmic reticula and mitochondria, while the other 4 Hsp70 members (PsHsp70-2 through PsHsp70-5) were located in the mitochondria (Table 1) .
sHsps have molecular weights ranging from 10 to 40 kDa and form more diverse subfamilies than Hsp90s and Hsp70s based on sequence identity. In higher plants, 6 gene families encoding sHsps have been identified. These families were found to be located in different cellular components including chloroplasts, endoplasmic reticula, cytosols, and mitochondria (Lenne and Douce, 1994; Waters et al., 1996) . The sHsps are thought to be important for thermal stress responses. Most of the sHsps were not detected in normal vegetative tissues, but showed high accumulation when the plant was subjected to heat shock stress (Sun et al., 2002) . The sHsps mainly function by binding to non-native proteins to stabilize and prevent non-native aggregation, which facilitates the subsequent refolding by ATP-dependent chaperones (Lee et al., 1997; Lee and Vierling, 2000) . In Arabidopsis, 13 sHsp members were identified and divided into 6 subgroups based on sequence relatedness and intracellular localization. In our study, the sequence identities of the PssHsp members ranged from 3 to 85%, while identities ranged from 3 to 82% with orthologous sequences from Arabidopsis. These data indicate that sHsps have poor sequence conservation. Location prediction revealed that four members were located in chloroplasts, 3 members in both chloroplasts and cytoplasm, 3 members in nuclei, 1 in Golgi apparatus and nuclei, and 1 in mitochondria and nuclei (Table 1) .
DISCUSSION
Transcriptome resources for peony leaf are not yet available. In this study, transcriptomes of tree peony leaf exposed to high temperatures were sequenced using the HiSeq 2000 platform. We assembled 93,714 unigenes with an average length of 639.7 bp. Two previous studies reported the transcriptome sequencing of tree peony petals and flower buds. Zhang et al. (2013) identified 50,829 unigenes with an average length of 585 bp. Zhou et al. (2013) generated 59,275 and 63,962 unigenes with mean sizes of 698 and 699 bp from 2 types of tree peonies, respectively. Compared with these 2 studies, we obtained a larger number of unigenes in the leaf transcriptome with longer or similar average lengths. These data indicate that high-quality reads were obtained from Illumina sequencing and effectively assembled and that the transcriptome sequences obtained in this study increased the transcriptome nucleotide coverage in tree peony.
Since a reference genome and leaf transcriptome for tree peony-related species are lacking, it was difficult to estimate potential functions using de novo assembly. Therefore, we evaluated the unigenes by blasting against public databases. A total of 23.8% of the unigenes had homologs in the Nr database. The matching of our unigenes in public databases indicated that the Illumina sequencing yielded a substantial fraction of unique genes from the leaf transcriptome of tree peony. However, compared with the transcriptomes from rubber tree (Li et al., 2012) , carrot (Iorizzo et al., 2011) , and lodgepole pine (Parchman et al., 2010) , more unigenes from our sequencing project were not matched with unique proteins in public databases. Most large-scale sequencing studies on tree peony have focused on the floral organ, and transcriptomic information of leaves in peony-related species has not been included in public databases prior to this study. Therefore, we suggest that many of the unigenes without database hits may be novel genes discovered in tree peony. However, other factors may have also led to the failure of homology matching. For instance, shorter sequences may lack a characterized protein domain or the sequences may belong to untranslated regions.
The ability to withstand thermal stress is very important in plant development. Heat stress can trigger a number of cellular responses to minimize harm, the most predominant of which is elevated expression of Hsps. In plants, Hsps have been divided into the Hsp100, Hsp90, Hsp70, Hsp60, and sHsp families. Individual members of each class of Hsps have particular functions, but they may coordinate or synergistically interact with others stress-response mechanisms to prevent cellular damage and reestablish cellular homeostasis (Rossel et al., 2002; Wang et al., 2004) . Hsps have been used as candidate genes for breeding thermal tolerance in plants, such as Hsp101 in Arabidopsis (Murakami et al., 2004) , Hsp17.7 in rice (Sato and Yokoya, 2008) , and CpsHsp in tomato (Wang et al., 2005) . In this study, we identified 24 putative Hsps, including 5 members of Hsp90, 5 members of Hsp70, and 14 members of sHsp. The predicated Hsps in each group were relatively conserved and showed sequence similarity with their homologous protein in Arabidopsis. The newly identified Hsps will increase the understanding of how the tree peony responds to the environment and can also be exploited as novel genes for molecular breeding of tree peony-related species with improved thermal tolerance.
